The era of microbiology: a Golden Phoenix by Stanley Maloy & Moselio Schaechter
RESEARCH REVIEW
Summary. The discoveries over the last decade have demonstrated that micro-
biology is a central scientific discipline with practical applications in agriculture,
medicine, bioremediation, biotechnology, engineering, and other fields. It is clear
that the roles of microbes in nature are so diverse that the process of mining this
genetic variation for new applications will continue long into the future. Moreover,
the rapid rate of microbial evolution ensures that there will be no permanent solu-
tion to agricultural, medical, or environmental problems caused by microbes.
These problems will demand a continual stream of creative new approaches that
evolve along with the microbes. Thus, the excitement of this field will continue
long into the future. However, these opportunities and imperatives demand a deep
understanding of basic microbial physiology, genetics, and ecology. Major chal-
lenges that lay ahead are to impart the broad training needed to entice and enable
the next generation of microbiologists, and to educate the public and government
representatives about the continued and critical importance of this field for health
and the economy. [Int Microbiol 2006; 9(1):1-7]
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Introduction
The development of powerful new technologies in the post-
World War II period led to a revolution in biology. The intro-
duction of genetic tools such as transposons, coupled with the
ability to clone genes and determine DNA sequences, and the
subsequent explosion of techniques based upon these methods
made it possible to dissect the molecular genetics of essentially
any organism. These developments allowed us to answer ques-
tions that were previously deemed unfathomable, and had a
major impact on every discipline of biology. The study of
microbes has particularly profited from these developments. It
was previously only feasible to study details of microbial phy-
siology of pure cultures growing in the laboratory. However, it
is now possible to directly characterize organisms growing in
the natural environment, and to monitor the physiology of sin-
gle cells under defined conditions. Advances in microscopy,
nanotechnology, and structural biology allow the analysis of
the underlying chemical mechanisms at a deeper and deeper
level. In addition to enhancing our understanding of the biolog-
ical world, these new developments have many practical appli-
cations. The ability to study microbes in their own environment
rather than the test tube, coupled with the ability to dissect the
molecular details of microbial cells has made microbial biolo-
gy pivotal to nearly all disciplines of science. To illustrate this
point, we will discuss the key stages in development of micro-
biology and how new developments have led to what we refer
to as the third Golden Age of microbiology [37].
The first Golden Age
The existence of microbes and their role in disease was
guessed by ancient Greeks and demonstrated convincingly by
a number of studies in the 17th, 18th, and early 19thcenturies.
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Despite what seems today like compelling evidence, most of
these studies did not gain universal acceptance and were the
subject of controversy. In the second half of the 19th century,
microbiology made a grandiose entry, sweeping away doubts
about the existence and importance of microbes. Within a 20-
year period, the main bacterial etiological agents of disease in
humans and animals were discovered, and the field of
immunology was developed, leading to vaccines and serolog-
ical tests. The discovery of the microbial etiology of major
infectious diseases led in turn to accurate diagnoses and
attempts at prevention and cure. Several vaccines used today
stem from those developed by early microbiologists. The
importance of microbes in the cycles of nature was elucidated
and strain selection was applied for industrial purposes. The
intellectual developments and practical applications of this
first Golden Age propelled microbiology into becoming one
of the main branches of biology and medicine (Table 1).
The second Golden Age
In the first half of the 20th century, microbiological research
continued at an ever-increasing pace and many of the missing
details in biochemical, medical, and environmental micro-
biology were uncovered. However, microbiology became
increasingly fragmented. The unity that Pasteur originally
brought to the discipline by applying similar approaches to
medical and environmental microbiology was replaced by spe-
cialized subdisciplines. During this period, medical microbiol-
ogists and immunologists were mainly working at the organism
level of host and parasite. Environmental microbiologists, on
the other hand, were focused on chemical processes. Thanks to
the pioneering work of the Russian Sergei Winogradsky and
the Dutch Martinus Beijerinck and Albert Kluyver, environ-
mental microbiology became a branch of comparative bio-
chemistry, emphasizing the unity of biochemical processes in
all living organisms. Unfortunately, the great gains of this
period in microbial biochemistry and geochemistry did not
find a ready parallel in medical microbiology. Many
advances were made but only a few startling breakthroughs
emerged in this field. Microbial genetics, for most purposes,
was still to be discovered, meaning that many cellular phe-
nomena remained undecipherable. Although individual
aspects of the field made important strides during this period,
microbiology was not seen as a dominant science. All this
changed as abruptly as the first Golden Age with the advent
of molecular genetics. 
The discovery of biochemical genetics and of genetic
exchange mechanisms in bacteria and viruses ushered in a
new era of stellar advances. These discoveries led to modern
concepts of the gene and the biochemical basis of genetics,
the understanding of how genetic information flows from nu-
cleic acids to proteins, the regulation of gene expression, and
how complex structures such as bacteriophages are assem-
bled. These breakthroughs led to a paradigm shift. At that
time, anyone who wanted to do modern science, mindful of it
or not, had to become a microbiologist. The incipient science
of molecular biology was spawned by the use of microbes
and, consequently microbial science was once again recog-
nized as a fundamental scientific discipline (Table 2).
The third Golden Age
Soon after the discoveries in molecular genetics were made,
investigators studying eukaryotic systems adopted the new
tools for their own use. For those systems that can be manip-
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Table 1. The first Golden Age of microbiology
Concepts
Bacterial physiology
Methods for cultivation and observation of bacteria
Bacterial nutrition
Bacterial classification based upon phenotypes
Role of bacteria in cycles of nature - chemosynthesis and photosynthesis
Medical microbiology










Table 2. The second Golden Age of microbiology 
Concepts
Bacterial genetics
DNA as genetic material and its structure
Genetic code
Mechanism of gene expression
Regulation of gene expression
Transposons
Bacterial physiology




Nucleic acid and protein sequencing
Microbial classification based upon genotypes
Monoclonal antibodies
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ulated with nearly the same ease as bacteria, such as yeast,
the transition was straightforward. Ultimately, other systems
that lack the ease of manipulation and the speed of growth of
bacteria benefited even more from DNA cloning and
sequencing. As the methodological playing field became
more even, eukaryotic science blossomed, eventually over-
shadowing the work with bacteria and phages. As funding for
basic microbiology became increasingly difficult to obtain in
the United States and elsewhere, many aspects of this science
became neglected and were left to a few stalwarts. Although
modern genetic techniques appropriate to “higher” organisms
were gradual in coming, they promised the genetic analysis
of such biological phenomena as cancer and differentiation. In
a short time, enormous progress was made along these lines.
By the last decades of the 20th century, the study of prokary-
otes played distinct second fiddle. In addition, the early suc-
cess of antibiotics and their promise dampened the impetus for
the study of microbial pathogens. William Stewart, the Sur-
geon General of the United States, echoed the conviction of
many scientists when he said in 1967 that it was “time to close
the book on infectious diseases, declare the war against pesti-
lence won, and shift national resources to such chronic prob-
lems as cancer and heart disease”. Not surprisingly, microbiol-
ogy lost its luster in the eyes of many, leading to the whole-
sale closure of microbiology departments and diminishing
funding opportunities for researchers in this field. Despite
rising from the ashes of the first Golden Age, the success of
microbiology was responsible for its own demise.
All this has changed in the last 20 years, restoring the emi-
nence of microbial science. Discoveries during this time have
led to the understanding that microbes are essential for
processes that impinge on nearly every aspect of our planet. It
is now clear that microbial biology plays a unique and funda-
mental role in essentially every field of science. These insights
have largely come from the study of microbes at the two ends
of the spectrum—from the broad perspective of microbes in
natural environments to the focused perspective of the mole-
cular mechanisms operating in microbial cells (Table 3). 
Microbial ecology and population
biology
As eloquently argued by paleontologist Stephen Jay Gould
[19], the 21st century will be the era of the microbe.
“We live now in the ‘Age of Bacteria.’ Our planet has
always been in the “Age of Bacteria,” ever since the first
fossils—bacteria, of course—were entombed in rocks more
than 3 billion years ago. On any possible, reasonable or fair
criterion, bacteria are—and always have been—the domi-
nant forms of life on Earth. Our failure to grasp this most
evident of biological facts arises in part from the blindness
of our arrogance but also, in large measure, as an effect of
scale. We are so accustomed to viewing phenomena of our
scale—sizes measured in feet and ages in decades—as typi-
cal of nature.” 
Despite their small size, microbes play an enormous role in
the cycle of matter and in the metabolism of this planet. With
the discovery of the huge microbial biota in subsoil fissures
and better estimates of microbial life in the oceans, the micro-
bial biota on Earth is thought to exceed in weight all other liv-
ing things combined. Bacteria alone account for 50% of the
biomass of carbon and over 90% of the biomass of nitrogen
and phosphorus on our planet. At least as much photosynthe-
sis is carried out by marine microbes as by terrestrial plants
[40]. It has been estimated that if the action of microbes on the
nitrogen cycle were to cease, the amount of nitrogen available
to plants would become too low to sustain life within about
one week (David Lipson, personal communication). Microbes
are also critical for assimilating dissolved organic material into
the particulate organic matter used by eukaryotes [3]. Micro-
bes are responsible for enormous geochemical activities, such
as the formation of carbon and silica deposits and the shaping
of limestone caverns [13]. Microorganisms can be found in
unexpected niches, such as thermal ocean vents and fissures in
deep rocks [44]. Such lithotrophic organisms support the exis-
tence of biomes that are not ultimately dependent on the sun or
atmospheric oxygen, expanding the scope of microbial ecolo-
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Table 3. The third Golden Age of microbiology
Concepts
Genomics and evolution
Extent of horizontal gene exchange
Diversity in microbial populations
Emerging infectious diseases
Microbial ecology
Identification of uncultivated microbes
Role of microbes in modulating host development
Interactions between microbes
Microbial physiology
Mechanisms of signal transduction
Global regulatory mechanisms
Interactions between proteins 
Metabolic networks
Innate immunity
Role of microbes in chronic diseases
Applications
Identification of uncultivated microbes
New methods for the rapid identification of microbes
New targets for antimicrobial therapies
Rational development of probiotics
Metabolic engineering
Use of microbes as nanomachines
Use of microbes for bioremediation
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gy and our understanding of the role of microbes in the cycles
of matter in nature, but also raising new questions about micro-
bial physiology [48].
These insights come largely from the ability to study
microbes in nature. Once a specialized branch of microbiolo-
gy, microbial ecology now occupies center stage. Thanks to
cloning techniques and PCR, it became possible to break out
of the confines of model organisms grown in the laboratory to
study the physiology and genetics of microbes in the natural
environment. This includes species that cannot yet be cultured
in the laboratory, estimated to comprise over 99% of the total
microbial population [43]. It is now possible to approach ques-
tions such as who lives where, who does what, and who is phy-
logenetically related to whom. This has greatly expanded our
awareness of the diversity of types and total numbers of
microbes, even embracing a new Domain of life, the Archaea,
a division that we did not know existed during the two previ-
ous golden ages. 
As the extent of microbial diversity has become appreciated,
many microbiologists have questioned the concept of non-cul-
tivability—a concept that simply reflects experimental failure
rather than a verifiable conclusion. This rationale has driven the
development of new methods to culture species previous
believed to be uncultivable [42]. We can expect many more of
these “uncultivable” microbes to be grown in the laboratory,
facilitating studies on their physiology and potentially allowing
them to be harnessed for practical applications. 
These approaches have led to an increased appreciation
that microbes in nature tend to live in communities, some
with their own kin, others in consortia with different
microbes. This awareness dictates that the study of microbes
must be extended from the laboratory to the natural commu-
nities. In fact, pathogenic microbes are increasingly being
investigated in their natural habitat. Clever genetic approach-
es have been developed to identify genes that are selectively
expressed in a particular environment. These approaches
have many applications, for example identifying gene prod-
ucts that are essential for a pathogen to survive in a host or in
the outside environment [10]. This ecological approach has
led to great strides in the identification of novel molecular
mechanisms of cell–cell interactions. An example is the Type
III secretion system, a device used by bacteria to “inject” pro-
teins directly into host cells and which is turned on by con-
tact with host cells [30]. This implausible-sounding mecha-
nism is shared by a surprisingly large number of pathogens of
vertebrates, insects, worms, and plants [6]. Like earlier stud-
ies on microbial physiology that led to the concept of the
unity of biochemistry, these findings suggest that microbe-host
interactions may share common mechanisms despite the type
of host or whether the interaction is mutualistic or parasitic. 
Recent studies on microbe–host interactions indicate that
microbes influence the host in ways we never imagined pre-
viously. For example, the presence of the normal microbial
biota in the intestine of mice promotes proper development
of the vascular tissue as well as host immunity to invading
pathogens [4,41]. These discoveries provide novel insights
into beneficial microbe–host interactions that may lead to
rational design of probiotics. However, we are also beginning
to learn that microbes can cause chronic diseases that were
previously thought to be to due to genetics or environment
—ailments such as ulcers and stomach cancer caused by
Helicobacter pylori, arthritis caused by Borrelia burgdorferi,
and many other diseases [7]. Epidemiological evidence cou-
pled with sensitive assays for bacteria based upon the envi-
ronmental PCR approaches hint that the role of microbes in
causing chronic diseases is pervasive. These studies have
also led to a deeper understanding of innate immunity. 
Genomics and evolution
In part because of their small size, the genomes of many
prokaryotes have been sequenced. The number of completed
sequences includes not only representatives of major groups
but also multiple strains of many species. Not surprisingly, this
richness of data has spawned a whole industry intended to
“mine” the genomic information for practical uses [14,25].
Genome sequences have provided important insights into evo-
lution. One surprise has been the demonstration of the extent
and impact of lateral gene transfer. Genomic islands, sets of
genes a dozen or more in number, appear in unrelated micro-
bes and endow them with new functions such a virulence trait
or a novel metabolic capacity [12]. Often these functions are
encoded on mobile genetic elements that can readily move
between bacteria [15]. For example, many bacterial toxins are
encoded on bacteriophages that can integrate into the bacter-
ial genome [46]. Thus, microbes break out of the confines of
sexual recombination by the promiscuous transfer of genes
between organisms. Most of the DNA so transferred is lost, but
some is retained to alter the genotype and phenotype of recip-
ients [22]. The extent and impact of lateral gene transfer has
made us reevaluate the concept that evolution can be linearly
traced along separated branches of a tree. Instead, the branches
of the tree are laterally connected to one another. Thus, the
ancestry of an organism may not be simply monophyletic, but
can result from multiple exchanges between distinct genomes.
Such interactions are not limited to one Domain of life, but can
also jump between Bacteria and Archaea or Eukarya [2]. This
lateral gene exchange seriously compromises the concept of
species in microbiology [17]. 
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Lateral gene transfer does not tell the whole story of mi-
crobial evolution. Genome sequences have also revealed the
importance of point mutations (SNPs) in bacterial evolution
[47]. The accumulation of pseudogenes seems to play an
important role in restricting a microbe to a particular host or
environmental niche [29]. These discoveries have an impor-
tant impact on our understanding of how new emerging dis-
eases arise, but we still do not know how often these events
occur in nature.
Microbial cell biology
An old dictum argued that bacteria are just bags of enzymes.
It is becoming increasingly clear that within the small con-
fines of one cubic millimeter or so, there is a sophisticated
and unexpected compartmentalization [5]. Cellular compo-
nents act in dynamic fashion and a surprising molecular cho-
reography has been unveiled via fluorescence microscopy
and other techniques that allow us to visualize molecules in
action [23,35]. Some macromolecules localize to specific
sites, others move around the cell interior along established
paths. In nearly all prokaryotes, cell division depends on the
formation at mid-cell of a constricting ring that consists of
the tubulin-like protein FtsZ [26]. Other proteins, called Min,
bounce from one pole of a rod-shaped bacterium to the other,
helping to determine the division site. Rod-shaped bacteria
also have the equivalent of actin and some that of intermedi-
ate filaments [16,34]. Thus, at least some of the eukaryotic
cytoskeletal proteins were prokaryotic inventions that long
preceded emergence in eukaryotes. 
Microbial symbionts and pathogens make extensive uses
of host cell machinery, such as cell surface receptors, cell sig-
naling pathways, and the cytoskeleton [1]. An example is the
appropriation of host cell actin by Escherichia coli to pro-
mote binding to intestinal cells [39] or by Shigella and
Listeria to facilitate direct passage from one host cell to
another [18], thereby avoiding exposure to the host immune
system. In addition to providing insights into pathogenesis,
these processes provide tools to understand the structure and
function of eukaryotic cells. Nowadays, pathogenic microbi-
ologists are being invited with increasing frequency to deliv-
er papers at cell biology meetings. As in the old days, when
the proper study of bacteria was via bacteriophages, it seems
increasingly evident that studying bacteria–host interactions
provides unique tools for studying many aspects of eukaryot-
ic cell biology. These conceptual advances have many prac-
tical applications. The increasing problem of antibiotic resist-
ance, the burden of emerging infectious diseases, and the
threat of bioterrorism require improved ways of rapidly
detecting pathogenic agents, preventing their transmission,
and effectively treating infected humans, other animals, and
plants. These problems demand a continuous search for new
antimicrobial drugs to stay one step ahead of the evolution of
microbial resistance [11], as well as the development of
effective new vaccines to treat emerging diseases [21]. Both
of these applications are increasingly relying on a detailed
understanding of genomics, structural biology, molecular
biology, and microbial physiology. For example, understand-
ing the details of genetic recombination has led to specific
peptide inhibitors of this essential cellular function [20].
Likewise, understanding of protein structure and function
provides new approaches for designing effective vaccines. 
Microbiology is having an increasing impact in other areas
as well. Microbes are playing an increasing role in industrial
production of pharmaceuticals and other compounds [27].
There has already been considerable success in mining the
genomes of cultivated and uncultivated microorganisms for
enzymes with desirable physical and chemical properties [45].
This approach has already brought to market several hydrolyt-
ic enzymes with enhanced thermal stability and targeted sub-
strate specificities. But there are many other opportunities for
industrial microbiology. For example, fermentation processes
have the potential to decrease our reliance on fossil fuels [24],
and bacterial systems are being developed as nano-biosensors
[9], nano-batteries [38], and nano-computers [49]. An infusion
of funds in these areas will almost certainly lead to significant
advances, but note that these practical applications ultimately
depend on a strong foundation of basic scientific research and
a deep understanding of the details of bacterial physiology. 
Integrative microbiology
Microbiology has become more unified. The fields of micro-
bial physiology, microbial genetics, microbial ecology, and
microbial pathogenesis are no longer sovereign domains with
their own tools and dialects. Nowadays, a marine microbiol-
ogist can easily talk to a microbiologist studying human
pathogens, and a food microbiologist can converse effortless-
ly with a scientist studying microbial evolution. These inter-
actions are not simply because scientists working on differ-
ent problems share genomic databases and molecular tools
—the interactions are driven by the realization that microor-
ganisms use similar mechanisms to accomplish diverse func-
tions. Discoveries in microbial pathogenesis have a direct
impact on the field of microbial ecology, and an understand-
ing of microbial ecology is critical for understanding trans-
mission of pathogens. Common molecular mechanisms of
adhesion to surfaces, quorum sensing, signal transduction,
ERA OF MICROBIOLOGY
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responding to environmental stresses, or injecting proteins
directly into host cells are found in a wide variety of
microbes that live in a broad spectrum of environmental
niches, from humans to the ocean to sulfurous hot springs. As
a result, the subdisciplines of microbiology are no longer iso-
lated fields of study (Fig. 1). 
In addition to its roles in agriculture and medicine, micro-
biology has also become an integral part of other scientific
disciplines. The role of microbes in geochemistry has made
microbiology a fundamental aspect of geology [31]. The use
of microbes in nanotechnology has brought microbiology to
engineering [36], and physics [28]. Microbial processes pro-
foundly influence climate and weather, integrating microbi-
ology into the field of atmospheric sciences [33]. Microbes
are increasingly used to make complex molecules with chiral
properties that cannot be synthesized in a test tube, making
microbiology an invaluable assistant in chemistry [32]. And
recent discoveries indicate that microbes also play important
roles in determining animal behavior, bringing microbiology
to the realm of psychology [8]. Hence, microbiology has
become an integrative science that simultaneously adopts the
tools of diverse scientific disciplines and impacts diverse sci-
entific disciplines.
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ERA OF MICROBIOLOGY
La era de la microbiología: un Fénix de oro
Resumen. Los descubrimientos de la última década han demostrado que la
microbiología no es sólo una disciplina científica con aplicaciones prácticas
en agricultura, medicina, biorremediación, biotecnología, ingeniería y otros
campos. Está claro que el papel de los microbios en la naturaleza es tan
diverso que la explotación de esta variación genética para nuevas aplicacio-
nes va a continuar en el futuro. Además, la rápida evolución microbiana ase-
gura que no habrá soluciones permanentes para los problemas de la agricul-
tura, la medicina o el medio causados por los microbios. Estos problemas ten-
drán que ser abordados con nuevos enfoques que evolucionen a la vez que los
microorganismos. Con ello, la fascinación de esta disciplina  se mantendrá en
el futuro. Pero estas oportunidades e imperativos exigen un profundo conoci-
miento de la fisiología, la genética y la ecología microbianas básicas. Los
principales retos son proporcionar una formación amplia a fin de atraer y
capacitar a la siguiente generación de microbiólogos, y educar a la población
y a los gobernantes para entender la importancia crucial de esta disciplina en
la salud y en la economía. [Int Microbiol 2006; 9(1):1-7]
Palabras clave: desarrollo de la microbiología · ecología microbiana ·
biología celular microbiana · microbiología integral 
A era da microbiologia: uma Fênix de ouro  
Resumo. Os descobrimentos da última década demonstraram que a
microbiologia não é só uma disciplina científica com aplicações práticas em
agricultura, medicina, biorremedio, biotecnologia, engenharia e outros
campos. Está claro que as funções dos micróbios na natureza são tão
diversas, que a exploração desta variação genética para novas aplicações
vai continuar no futuro. No entanto, a rápida evolução microbiana
determina que não haverá soluções permanentes para os problemas da
agricultura, a medicina ou o meio causados pelos micróbios. Estes
problemas terão que ser abordados com novos enfoques que evolucionem
ao mesmo tempo que os micróbios. Com isso, a fascinação desta disciplina
se manterá no futuro. Mas estas oportunidades e imperativos exigem um
profundo entendimento da fisiologia, a genética e a ecologia microbianas
básicas. Os principais desafios são proporcionar uma formação ampla com
o fim de atrair e capacitar à seguinte geração de microbiologistas, e educar
ao público e aos governantes para entender a importância crucial desta
disciplina na saúde e na economia. [Int Microbiol 2006; 9(1):1-7]
Palavras chave: desenvolvimento da microbiologia · ecologia
microbiana · biologia celular microbiana · microbiologia integradora
